Recently, the intended use and required performance of buildings are rapidly changing with advances in scientific technology and globalization. Furthermore, given the population growth in semi-developed and developing countries, economic growth, increasing waste, and increasing amounts of energy consumption, the industry requires the development of efficient methods to deconstruct old buildings by reducing waste and saving as much energy as possible during periods of urban redevelopment and maintenance. In general, either an ordinary breaker or a hydraulic breaker is used to deconstruct reinforced concrete buildings. This deconstruction method has the ability to shorten the construction period compared to the other methods, but it is difficult to separate the debris that gets mixed when the deconstruction is completed, as it is a rough construction method that uses large equipment. This study develops a technology that can be used to selectively heat, separate, and deconstruct the steel reinforcement inside reinforced concrete, treating the reinforcement as a conductive resistor and applying high-frequency induction heating to the reinforced concrete structure. Specifically, this study verifies the temperature characteristics of deformed bars inside reinforced concrete, the occurrence of cracks due to thermal fracture of the deformed bars, and chemical and physical weakening of concrete by thermal conduction on the surface of steel reinforcement using the high-frequency induction heating technology. Furthermore, this study considers the extent of concrete weakening in the heating range of appropriate energy and carries out a technical review of the stages that would be actually applied. This technology involves low noise and low pollution levels, and it increases the collection rate of steel reinforcement inside separated reinforced concrete members and the recycling rate of construction wastes; thus, * Corresponding author.
Introduction
Despite the annually increasing number of buildings, there is little literature on deconstruction methods. Deconstruction is strictly constrained by the surrounding environments, especially in downtown areas, and environmental pollution and safety issues such as the noise, vibration, and dust that occur during the deconstruction process also cause problems [1] [2] . The existing deconstruction methods rely largely on labor owing to the lack of deconstruction technology and experience, which causes waste of labor and loss of available materials as well as extended construction period [3] . The existing deconstruction methods do not consider the recycling of debris that occurs during the deconstruction process [4] . The reason why the actual recycling rate is problematic despite continuous recycling of wasted concrete lies in the existing deconstruction methods [5] , in which various problems related to the reuse and recycling of wastes that occur owing to indiscriminate deconstruction have been pointed out [6] [7] . In the case of a hydraulic breaker or large breaker, the representative method for the current separating dismantlement, it is necessary to separate concrete members and waste. In particular, in the case of reinforced concrete members dismantled using heavy equipment, various problems can occur with regard to the reuse of steel reinforcement and recycling of waste concrete [8] .
• It is necessary to convert the current "first dismantle and then separate" method to a "separate first and then dismantle" method and develop technology to improve the recycling rate that considers the efficient collect of demolished debris in the dismantlement stage.
• It is necessary to develop a partial-dismantlement technology that is effective for remodeling and repair reinforcement. Partial dismantlement, which is on the rise with the increase in remodeling and repair reinforcement, requires various technical applications and developments that are different from the existing dismantlement in terms of prevention of damage to the remaining structure or improvement in safety.
• It is necessary to propose a comprehensive management system that systemizes separating dismantlement and partial dismantlement to promote the development of the current dismantlement industry and of the entire architectural industry. This secures safety in dismantling construction, reduction in environment-polluting factors, proper handling of generated waste, and improvement in the recycling rate.
Complete Deconstruction Technology for Reinforced Concrete Members Using High-Frequency Induction Heating Method

Steel Reinforcement Heating Mechanism Depending on High-Frequency Induction Heating (Joule Heat)
Induction heating is a method that is used to heat conductive resistors such as metals by electrical energy that is converted from a high-frequency current-carrying conductor known as an induction coil. If alternating current flows in the lead wire, a line of magnetic force with changing direction and intensity in the surroundings occurs. If conductive materials (usually metal) are placed in the surroundings, as shown in Figure 1 , an eddy current flows inside the metal, influenced by this changing line of magnetic force. As metal usually has an electrical resistance, Joule heating [electricity = current 2 ] occurs, and the metal is heated if the current flows in the metal. This phenomenon is called induction heating. Induction heating is less likely to be a risk, and the heat loss is also less, although the temperature rises in the non-heated areas, because only the metal is heated [9] [10].
Skin Effect and Depth of Penetration δ
In general, most currents are concentrated on the surface of a conductive resistor because the current density drops at the center of the conductive resistor if alternating current flows through it. This phenomenon is called the skin effect. When it gets closer to the center of the conductive resistor, the cross velocity of the magnetic field speeds up. It can also be caused by the difficult flow of alternating current when the inductance increases. In Equation ( 
Equation (1) shows the penetration depth increases when the frequency decreases or when the material permeability and conductivity of the heated object decrease. As 90% of heating occurs from the surface to δ in terms of current and power distribution, it can be said that all eddy currents are concentrated to the depth of penetration δ from the surface of a conductive resistor [11] [12].
Thermal Model of Steel Reinforcement Using High-Frequency Induction Heating
If high-frequency alternating-current flows into the coil, an eddy current is induced and acts as source of heat that depends on the resistance of metal; here, resistance causes heat in the metal. In the case of high-frequency induction heating, there is a large difference in heating efficiency depending on the magnetic characteristics of the heated object, but a larger eddy current is induced with a magnetic substance, which is significantly affected by the magnetic field, depending on the changes in time [13] .
As shown in Equation (2), the hysteresis constant η varies depending on the magnetic quality of a material; unlike the general transformer, it is easy to heat material with larger η in induction heating. However, as the heated objects are not usually made in a closed circuit like a transformer, the density of the magnetic field velocity and the effective permeability are small and η is also small, even if the heated object is a magnetic substance like cast iron. In addition, if the frequency is over about 10 [kHz] , the hysteresis loss depending on the induction heating can be neglected because the eddy current loss is overwhelmingly greater than the square of frequency (as shown in Figure 2 ).
In the case of a magnetic substance, the efficiency of the heating surface increases because the depth of penetration decreases with increasing relative permeability. For steel reinforcement, with a relatively high permeability, localized heating on the surface is possible because the induced current is concentrated on the areas facing the heating coil when the magnetic field occurred from the coil is absorbed into the surface of the metal. In addition, selectively localized heating is possible because the scope of the magnetic field can be adjusted according to the diameter of the heating coil. Figure 3 represents the heating model of steel reinforcement, which depends on the high-frequency induction heating [13] [14] . ). The principle of the magnetic field generated by the coil is summarized in accordance with Maxwell's equations. As shown in Figure 3 , coils are distributed within a particular space; if current ί(t) is flowing, the magnetic vector potential A occurs at any point within the space P(x, y, z). Equation (3) is the interaction formula for both the current density J and the magnetic vector potential A. If current is alternating, the magnetic vector potential A is also alternating. Equation (4) is the relationship between the magnetic vector potential and the magnetic flux density (magnetic field velocity) B.
If the magnetic vector potential A is alternating, the magnetic flux density B is also alternating. Therefore, if a conductive resistor is used, power failure E occurs depending on Equation (5) . From this current, an eddy current J occurs.
σ: conductivity of a conductive resistor. The entire magnetic field is determined mutually by the magnetic field due to the current that flows in the coil and the magnetic field due to the Foucault current. This causes an electromotive force in the coil. As shown in Equation (7), the electromotive force in the coil is the electric field that occurs when heating the coil.
Therefore, a magnetic field in the center of the steel reinforcement, a conductive resistor, occurs that depends on the distribution of the eddy current, if coils are distributed closely to the steel reinforcement [15].
Temperature Characteristics of Single Steel Reinforcement Depending on
High-Frequency Induction Heating
Experimental Overview
This study carries out an experiment to analyze the temperature characteristics of a deformed bar, commonly used as a conductive resistor in high-frequency induction heating, and the temperature distribution of steel reinforcement accordingly. This study sets the conditions for the diameter and length of steel reinforcement, especially of the deformed bar widely used in the field, the temperature rise characteristics and temperature distribution depending on the distance from the heating coil to the surface of steel reinforcement, and the
Eddy Current (Induced Current)
Line of Magnetic Force quantity of output as experimental factors. This study identifies the temperature rise characteristics and temperature distribution at various conditions because there are large differences in heating efficiency depending on the differences in heat transfer coefficients by cross-sectional area and distance of steel reinforcement within the range of the magnetic field in high-frequency induction heating. In addition, the main purpose is to predict the temperature characteristics as basic information for various arrangements of steel reinforcement. Furthermore, this study determines the optimal conditions for output and heating positions because the depth of penetration varies with the frequency.
Experimental Method
Induction Heating Device
For induction heating, this study uses an experimental device with a basic frequency of 120 kHz (operating frequency of 60 -120 kHz) and a maximum high-frequency output of 6 kW. The output stability is ±2%, and the output can be adjusted depending on the DC voltage [16] . High-frequency induction heating is a characteristic of the changed operating frequency when changing the coils, because the heating coil and heated object become one component of the circuit, and the high-frequency power is set by a resonant condenser inside the matching circuit, output lead, inductance, and inductance of heating coil. Resonant frequency employs an automatic tracking method. The heating coil is a fan-cake type and uses a coil with dimension of φ 120, rev count of 3, and coil thickness of φ 10.
Steel Reinforcement Heating Experiment
For the single steel reinforcement heating experiment, this study uses 150-mm steel reinforcement samples of D6, D10, D19, D25, and D32 in SD345 to identify the temperature distribution of steel reinforcement depending on the optimum output and heating. The maximum output is either 5 kW or 6 kW, and the experiment is carried out by changing the distance from the surface of the steel reinforcement to the lower bottom of the induction heating coil and measuring the temperature at the central point on the surface of steel reinforcement.
To form an arrangement similar to that of reinforced concrete specimens, this study carries out an experiment by cutting every steel reinforcement sample to 430 mm. This study measures the temperature at three positions using a heat-resistant camera: at the center of the surface of steel reinforcement, at the part facing the coil diameter, and at the part 30 cm away from the coil diameter. The heating experiment method for single steel reinforcement is show in Figure 4. 
Temperature Rise Characteristics of Single Steel Reinforcement Depending on High-Frequency Induction Heating
The temperature rise characteristics of steel reinforcement with induction heating (length: 150 mm) are presented in Figure 5 for output powers of 5 kW and 6 kW. As temperatures of 800˚C or above are difficult to measure, any temperature above this mark is regarded as "being at 800˚C". There are no large differences between 5 kW and 6 kW. Over a certain output, the depth of penetration with induction heating increases depending on the quantity of output, but if the temperature is over the Curie temperature at the surface of the steel reinforcement, the relative permeability falls to 1 [17] . The output of the electric field drops and loss occurs because the electric field reaches the critical temperature, even in the inside, without being further increased.
In the relationship between time and temperature, the targeted temperature (concrete-weakening temperature) reached up to 300˚C within 60 seconds when the distance from the heating coil to the surface of steel reinforcement was 10 mm, 20 mm, or 30 mm. As the distance decreased, the temperature rose rapidly, to 600˚C or above. In addition, at distances of 10 mm or 20 mm, there is a thermal equilibrium between 600˚C -800˚C, and at a distance of 30 mm, there is a thermal equilibrium between 500˚C -700˚C. At 50 mm, the temperature reduces to 300˚C in about 300 s.
D6, D10, D19, and D25 showed a rapid temperature rise characteristic, but D32 showed reduced temperature rise trend compared to the other types of steel reinforcement. This may occur because as the induction heating heats the surface of steel reinforcement rapidly, the steel reinforcement with a thick diameter requires time to obtain a temperature difference by heating until the molecular motion can become constant depending on the heat within the steel reinforcement.
The results of heating the 430-mm-long steel reinforcement using the high-frequency induction heating method are shown in Figure 6 . Heating with an output of 5 kW showed temperature rise characteristics similar to that of the 150-mm-long steel reinforcement. This may be because little heat conduction loss occurs depending on the length of steel reinforcement and because selective heating is possible depending on the heating location.
Temperature Distribution Characteristics of Single Steel Reinforcement Depending on High-Frequency Induction Heating
The steel reinforcement heating process using the induction heater can be problematic owing to unnecessary heating, lack of heating, and concrete weakening depending on the temperature rise. This study analyzes the temperature distribution of steel reinforcement at the induction heating conditions of 5 kW and 6 kW using infrared radiation temperature measurement at 10 mm, where the highest temperature rise occurred; the results are shown in Figure 7 . The horizontal axis of the figure is 150 mm, i.e., the length of the specimen, but there are some errors in the range of temperatures owing to the radiant heat when measuring using the infrared ray temperature. The horizontal axis is 160 ± 5 mm on average, and the error of 10 ± 5 mm due to radiant heat does not have a large effect on the heating phenomenon at the center or at the end. Most of the specimens demonstrated that heating was more concentrated at the central part compared to at the end. The 120-mm-diameter steel reinforcement that was out of the heating coil showed a difference of 150˚C -450˚C compared to the central part.
As the diameter of the heating coil was 120 mm in the experiment wherein the 430-mm steel reinforcement is heated at 5 kW, the point was measured with a distance of 30 mm from the center of the coil diameter toward the longitudinal direction of the steel reinforcement; the result is shown in Figure 8 . There was not a large difference in temperature within the coil diameter, but the inside of the coil showed a temperature difference of 100˚C or more when the external coil diameter was 30 mm or above. Most of the steel reinforcement showed a temperature rise by thermal conductivity of steel reinforcement outside of the magnetic field with an external coil diameter of 60 mm or above, which suggested that this was a localized heating phenomenon.
A high-temperature phenomenon on the surface of the steel reinforcement was identified at 400˚C -500˚C in many cases. This high-temperature phenomenon was found only inside the heating coil, and the high-temperature phenomenon due to thermal conduction did not appear, which suggested that there was a localized heating phenomenon due to selective heating.
Temperature Characteristics of Cross-Steel Reinforcement Depending on
Experimental Overview
This study carries out an experiment to analyze the temperature rise characteristics and temperature distribution depending on high-frequency induction heating using SD345 steel reinforcement. This study identifies the temperature rise characteristics that can be found when using the single steel reinforcement and the changes in temperature distribution with cross-arrangement similar to that in an actual structure. If the steel reinforcement crosses, there may be a difference in heat characteristics caused by heating and conduction caused by resistance depending on the characteristics of the magnetic field. In addition, as the surface facing the coil increases and there is a large difference in heat transfer rate depending on the distance from the major steel reinforcement arranged at the bottom and the resistance area, it is expected that there will be a difference in temperature rising slope and the positioning of the heating coil. This study identifies temperature rise characteristics, temperature gradient, and temperature distribution depending on the arrangement of steel reinforcement and distance heating calculated by thickness of covering.
Experimental Method
To identify the appropriate quantity of output or temperature distribution of steel reinforcement in the cross-steel reinforcement heating experiment, this study uses steel reinforcement of D10, D19, D25, and D32 in the case of SD345. To perform the experiment in the same conditions as those of the reinforced concrete members, this study cuts the length to 355 mm before use. This study assumes the steel reinforcement of D19, D25, and D32 as major steel reinforcements and carries out an experiment by cross-arranging the D10 steel reinforcement at the bottom. As shown in Figure 9 , this study places three steel reinforcements at intervals of 60 mm from surface to surface before heating. To select the optimal heating coil position, this study attempts a method to distribute the heating coil at the cross point of steel reinforcement (center heating) and also a method to distribute the heating coil between major steel reinforcements (side heating); the temperature characteristics depending on type and distance of steel reinforcement are then evaluated. The temperature is measured at five positions at a distance of 30 mm from the center of the upper and lower steel reinforcement using a heat-resistant camera, similar to the single steel reinforcement heating experiment.
Temperature Rise Characteristics of Cross-Steel Reinforcement Depending on High-Frequency Induction Heating
With a high-frequency output of 5 kW, the initial temperature rise curve showed the same tendency as that of the single steel reinforcement, with a sharp slope. However, it reached thermal equilibrium rapidly, showing the temperature reduction of up to 100˚C compared to the single steel reinforcement. If the distance to the heating source was closer, there was no large temperature difference in the upper steel reinforcement of D10, but the upper and lower steel reinforcement showed a temperature difference between 80˚C and 180˚C when the heating distance was 40 mm or above. At the shortest distance, there occurs a heating phenomenon wherein a magnetic field is formed that reaches the lower steel reinforcement; at larger distances, a magnetic field is formed around the upper steel reinforcement before it reaches the lower steel reinforcement and the lower steel reinforcement is heated by conduction (as shown in Figure 10 ). The temperature distribution shows almost the same tendency as the single steel reinforcement, but if the diameter of the heating coil is 120 mm, the temperature differential between steel reinforcement inside the diameter and steel reinforcement outside the diameter shows a large temperature differential in the upper steel reinforcement when the heating range is between 50˚C and 200˚C. This result can help identify the possibility of selective heating depending on the area of the magnetic field (as shown in Figure 11) .
When the heating coil was placed between major steel reinforcements, the temperature rise characteristics showed a maximum difference of 100˚C. When the heating coil was placed at the point of intersection and heated, each one of the upper and lower steel reinforcements located at the center of the coil diameter showed the same heating tendency. When the heating coil was placed between the major steel reinforcements, the heating efficiency decreased slightly, but the area of heating expanded when two upper steel reinforcements and two lower steel reinforcements in the range of the magnetic field were heated at the same time, which led to an increase in the width of the heating range. This seems to be attributable to the impact of coupling efficiency on the steel reinforcement and heating coil. As shown in Equation (8) and Equation (9) , the heating coil is basically a In addition, the intensity of the magnetic force is inversely proportional to 2 -3 square of distance and proportional to the current that occurs in the coil and coil differential (relative changes in two coils). Therefore, if the coupling efficiency of steel reinforcement and coil is bad, a high current is required. There are condensers and transformers within the conditioning unit (circuit), and they become a resistance [18] [19]. 
In other words, as in Figure 12 , which shows the coupling of steel reinforcement and coil, in (b), where the distance from the heating coil is the same as the distance between the coils to the surface of the steel reinforcement, two steel reinforcements are included within similar magnetic fields and thus resistance heat occurs up to a temperature like (c). Therefore, if the voltage is the same, loss within the circuit increases and the temperature of the heated object decreases with increasing current (or raised voltage).
Deconstruction Assessment of Reinforced Concrete Using Hitting Method
Experimental Overview
The purpose of this experiment is to evaluate the dynamic dismantlement of reinforced concrete members weakened by high-frequency induction heating. As there are no previous studies on the methods for evaluating the dismantlement of concrete members quantitatively, in most cases, qualitative evaluations such as "difficult to dismantle" are defined without evaluating the time or energy required for dismantling. Therefore, the data is not reliable as reproductive data in reviewing the expenses for dismantling or environmental load [20] .
This study measures the time and energy required for unit dismantlement and makes a quantitative evaluation of dynamic dismantlement of reinforced concrete members weakened by high-frequency induction heating.
Experimental Method
The reinforced concrete members weakened by high-frequency induction heating were separated to the extent that steel reinforcement cutting can be done in the field. By installing 3-axis acceleration sensors in the hammer, the dismantling tool, this study measures the dismantling location and the time consumed by each experimental group. To calculate the time and energy taken for dismantling for single reinforced concrete specimens, the acceleration and direction of dismantling were measured until the steel reinforcement could be exposed by hitting a heated specimen that was heated in the longitudinal direction continuously. To calculate the time and energy taken for dismantling in the case of cross-steel reinforcement, the acceleration and direction of dismantling were measured until the steel reinforcement could be exposed by hitting a heated specimen that was heated by induction heating of both the center and side.
Deconstruction Assessment of Single Reinforced Concrete
The separating experiment results that compare the specimen with 30 mm steel reinforcement covering depth (D19), which requires the least electricity for the separation, before and after heating, are represented in Figure  13 and Figure 14 .
In most of the specimens, the destruction power showed a reducing tendency with increasing diameter of steel reinforcement, and the power required for destruction decreased with decreasing distance from the induction heating coil. In case of the specimen using D10, with the least heating efficiency, the power depending on the induction heating was the smallest. However, it showed a tendency that it reduced more greatly at 30 mm-a smaller heating distance-than at 40 mm or 50 mm. When the heating distance was smaller, the temperature of steel reinforcement rose rapidly; when the diameter of steel reinforcement was small, thermal equilibrium was reached immediately after heating and the heat conduction velocity for concrete increased and then weakened immediately. This is why the breaking stress was smaller than it was for other specimens with relatively thicker covering depths.
In case of D19 and D25, with higher heating efficiency, a reduction in destruction stress with heating distance was evident. In the case of D19, the reducing rate at covering depths of 50 mm and 30 mm had about a 69% difference; for D25, there was about a 71% difference. For D32, with the smallest destruction stress, there was about an 83% reducing rate compared to the standard specimen. There may be some errors in the destruction stress caused by the increased covering thickness, but D19 showed about a 77% reducing rate, compared to the standard specimen.
Deconstruction Assessment of Cross-Reinforced Concrete
The specimen that was heated at the center showed a decreased tendency for destruction stress compared to the specimen that was heated at the side. With a covering thickness of 30 mm, the center-heated sample showed about a 39% reducing rate and the side-heated sample showed about a 31% reducing rate, which suggested that there was an 8% difference. Compared to the center heating, crack propagation showed a high efficiency when heating the side, but the center heating showed a high heating efficiency in the crack width and internal temperature rise ratio. Therefore, center heating may be influential on the stress required to separate steel reinforcement from concrete (as shown in Figure 15 and Figure 16 ).
The overall tendency before and after high-frequency induction heating increased according to the covering thickness. The crack width caused by the expansion pressure depending on heating is more influential to the steel reinforcement than is chemical weakening, which depends on thermal conduction.
Conclusions
This study carries out an experiment to separate steel reinforcement from concrete as completely as possible through indirect heating using high-frequency induction heating, especially of the steel reinforcement inside the reinforced concrete, and the findings are as follows:
1) The frequency with the maximum output determines the depth of penetration in the induction heating. If the output increases enough to heat the steel reinforcement that is far from the heating coil, current density and intensity of magnetic field increase in general, but the depth of penetration decreases. Thus, it is necessary to take into account the appropriate output at a certain distance. As the appropriate output does not show any large difference in temperature rise with time at a distance of less than 40 mm, the output of 5 kW or above leads to heat loss at temperatures higher than the Curie point and there is a problem in power dissipation. 2) Using the high-frequency induction heating method, the surface of steel reinforcement can be heated up to 300˚C, at which the concrete-weakening temperature is the most effective. As the heating range is closely related to the diameter of the heating coil, selective heating up to 30 mm in the horizontal direction is possible based on the heating coil. With cross-arranged steel reinforcement, a covering thickness of 40 mm is possible for an effective heating, and a covering thickness of 50 mm or above is possible for an effective heating by thermal conduction through the upper steel reinforcement. The stress for Demolition(N)
3) When high-frequency induction heating is applied to the structure in the field, steel reinforcement can be cut by exposing the steel reinforcement using the hitting method after weakening the concrete by the occurrence of cracks caused by the heated expansion pressure and thermal conduction. Thus, effective work is possible owing to weakening caused by rapid heating of the exposed steel reinforcement.
The high-frequency induction heating technology proposed in this study may be applicable to the field of dismantling existing high-rise buildings, fields where workers cannot use heavy equipment, and fields that are sensitive to pollutants such as noise and dust. Particularly in the field of dismantling single structures with localized dismantling, for example, repair or reinforcement, highly efficient dismantling is expected to be possible.
